ABSTRACT Perkinsus (=Dermocystidium) marinus is a major cause of mortality in eastern oysters, Crassostrea virginica. Because initiation of infection and progression of disease are favored by high temperature and high salinity, we hypothesized that climatic cycles influence cycles of disease. Analyses of a 10-y time series of disease prevalence and intensity, chlorophyll a, suspended sediments, water temperature and salinity from a Louisiana site, using a wavelet technique, show a teleconnection between the El Niño-Southern Oscillation (ENSO) and oyster disease in the northern Gulf of Mexico. Salinity increases precede increased disease prevalence by several months. The changes in salinity that trigger changes in disease prevalence and intensity are strongly driven by ENSO events. Interannual variation is important in the initiation and intensification of disease, and salinity is the primary driving factor. The patterns in the environmental and disease time series suggest that epizootics can be initiated within 6 mo of a La Niña event, which produces increased water temperature and salinity. This relationship suggests an approach for predicting epizootics of P. marinus from climate models, which in turn can inform the management of oyster populations.
INTRODUCTION
A critical factor determining the success or failure of oyster populations is the initiation and progression of Perkinsus (=Der-mocystidium) marinus, the causative agent of "Dermo" disease in eastern oysters (Crassostrea virginica). As a major cause of oyster mortality, P. marinus can control oyster population dynamics (Ray 1954 , Quick & Mackin 1971 , and hence the economic viability of the oyster-growing enterprise. Disease initiation and progression are favored by high temperature and high salinity (see Soniat 1996) , and thus climatic cycles likely influence cycles of disease (Powell et al.1992 (Powell et al. , 1996 Kim & Powell 1998) .
Of particular importance to the oyster industry along the Gulf of Mexico is a teleconnection to the El Niño southern-oscillation (ENSO). El Niño is a disruption of the oceanic-atmospheric system of the tropical Pacific that occurs when the trade winds, which blow from east to west, relax allowing warm water to accumulate along the equator producing a reduction in upwelling of cold water in the eastern Pacific Ocean. One result of El Niño conditions is changes in the amount and pattern of rainfall, with the Gulf States being typically cooler and wetter during El Niño years. In contrast, La Niña conditions are associated with stronger trade winds and increased upwelling in the eastern tropical Pacific. During La Niña events, the Gulf States are warmer and drier (Ropelewski & Halpert 1986 , Philander 1989 . Kim and Powell (1998) suggested that infection intensity of P. marinus along the Gulf of Mexico follows the ENSO cycle; lower disease levels are associated with cooler, wetter El Niño years, whereas higher disease levels are associated with the warmer, drier La Niña years.
A major impediment to linking ENSO and Dermo disease along the Gulf of Mexico is the lack of appropriate long-term data sets. In the first study of this series (Soniat et al. 1998) we investigated the importance of what to measure and when to measure it. This study presents analyses of a 10-y time series of disease prevalence and intensity, components of the seston, and water temperature and salinity from a Louisiana site. Through the technique of wavelet analysis these time series are examined to determine interannual interactions among ENSO, water temperature and salinity, chlorophyll, suspended sediments and oyster disease. The results of the analyses are then used to determine the effects of interannual variation in climate on the initiation and progression of oyster disease.
MATERIALS AND METHODS

Environmental and Oyster Samples
Environmental variables were measured weekly and oysters were sampled monthly from February 2, 1992 to February 14, 2002 at a single semiprotected reef (29°11Ј11ЉN, 90°39Ј56ЉW, GPS) that is located between Bayou Petit Calliou and a small marsh island in Bay Tambour, Terrebonne Parish, Louisiana. Water depth at the site varied from 0.3-0.6 m.
Temperature (T) and salinity (S) at the study site were measured at weekly intervals; T was recorded to the nearest 0.1°C using a mercury thermometer, whereas S was measured to the nearest 0.5 ppt using a refractometer (Beherns 1965) . Seston variables that included chlorophyll a (CHL), total suspended solids (TSS), particulate organic matter (POM) and particulate inorganic matter (PIM), were also measured weekly. Water was sampled from 0.3 m above the reef with a hand-operated peristaltic pump. For the determination of CHL, 25 mL of water was filtered through 25 mm Whatman GF/F glass fiber filters, extracted in 5 mL of 60:40 v:v acetone:dimethyl sulfoxide, and read on a Turner Designs Model 10 fluorometer (Shoef & Lium 1976) . For the determination of TSS, POM and PIM, 100-250 mL of water (depending upon Secchi depth) was filtered through 47 mm Gelman A/E glass fiber filters. The filters and filtrate were dried for 1 h at 103°C to obtain TSS and then ashed at 550°C for 15 min to determine PIM (American Public Health Association 1971).
Oysters were collected by tonging. A subsample of 10 commercial size oysters (>75 mm) were culled, cleaned of epifauna and measured (anterior to posterior length) to the nearest mm. A small piece of mantle tissue (about 4 mm 2 ) was used to assay Perkinsus marinus (Ray 1966) . Level of infection was scored using Mackin's 0-to-5 scale as modified by Craig et al. (1989) . Percent infection (PI) and infection intensity (II) were determined, where II = sum of Mackin's disease code numbers number of infected oysters
Climate Data
The climate signature was represented by the El Niño 3.4 sea surface temperature index (EN) for the tropical-Pacific rectangle (5°N to 5°S, 170°W to 120°W) taken from the National Oceanic and Atmospheric Administration National Center for Environmental Prediction web site (www.cpc.ncep.noaa.gov/indices/ Readme.index.htm). High values of this index coincide with El Niño conditions. The EN is available at monthly intervals and the value was assumed to apply to the middle of the month. The index was linearly interpolated to the times of the weekly observations.
Wavelet Analysis
The time series technique of wavelet analysis (Torrence & Compo 1998) was used with the disease and environmental data sets to investigate interannual relationships among ENSO, seston, water temperature and salinity, and oyster disease. Wavlet analysis has been applied to the study of tropical convection (Weng & Lau 1994) , ENSO (Gu & Philander 1995) , atmospheric cold fronts and temperature fluctuations (Gamage & Blumen 1993 , Baliunas et al. 1997 , ocean waves and turbulent flows (Farge 1992 , Meyers et al. 1993 , Liu 1994 , tidal phenomena (Flinchem & Jay 2000) , phytoplankton distribution (Machu et al. 1999) , and symphonic music (Strang 1994) . To our knowledge, this is the first application of wavelet analysis the study of shellfish.
Wavelet analysis resolves localized variations in the strength of a signal (i.e., the wave) within a time series. With this approach, the original time series is decomposed into a time-frequency space, which allows the dominant components (i.e., the wavelets) that make up the wave to be identified. For example, in a wavelet study, water height might be decomposed into semidiurnal/diurnal, fortnightly, and seasonal (wind field) components (Flinchem & Jay 2000) . Mathematical details of the wavelet technique are given in Daubechies (1992) and Torrence and Compo (1998) .
A wavelet analysis was done for each variable (T, S, PI, II, 
RESULTS
Over the time of the field study, water temperature varied from 4.8°C to 32.2°C with a 10-y mean of 22.5°C (Fig. 1a) . The power and periodicity of the temperature signal show a single significant periodicity centered at 1 y but extending across periods of 0.5-2 y. The periodicity is significant throughout the time series (Fig. 1c) . Averaging the variance over 2-5 y, which includes the frequency of the occurrence of El Niño events, shows no significant signal in the temperature time series (Fig. 1d) . This result indicates that water temperature at the study site is not significantly affected by El Niño conditions. Analysis of the Niño 3.4 anomaly shows a strong El Niño signal in late 1997 and early 1998 (Fig. 2a) . A moderate and extended El Niño occurred during 1992 to 1995. The energy spectrum (Fig. 2b) shows significance at periods of about 2.5-5 y. Analysis of the 2-5 y portion of the energy spectrum over the time series shows that this component is significant over essentially the entire time (Fig. 2c) .
The chlorophyll a measured at the study site, varied from 1.2-55.4 ug/L with a 10-y mean of 11.4 ug/L (Fig. 3a) . Chlorophyll has a strong and significant peak in the power spectrum at 1 y (Fig.  3b) , similar to what was obtained for temperature. Cross wavelet analysis (CWA) between temperature and chlorophyll (Fig. 4a) shows significant coherence at periods of 1 y or less (Fig. 4b) , which indicates that the two-time series are significantly correlated at this time scale. Moreover, the 1-y phase curve (Fig. 4c ) falls at about zero degrees indicating that temperature and chlorophyll are in phase at periods of 1-y; high temperature coincides with high chlorophyll. The temperature and chlorophyll time series also show coherence, although weaker, at 4 y, suggesting some multiyear coherence in the time series. The 4-y periodicity is not well developed in the analysis of the individual time series (Figs. 1c and  3c ), confirming that the multiyear structure in the cross correlation is not a dominant signal.
Over the 10 y sampled, salinity ranged from 0.5-29.5 ppt, with a grand mean of 15.2 ppt (Fig. 5a ). The power spectrum shows a significant peak in salinity at 4 y (Fig. 5b) . In contrast to temperature, no strong annual periodicity exists in the salinity signal. The power spectrum shows that the 4-6 y portion is significant for most of the time series (Fig. 5c) . Clearly, temperature and salinity are not operating in phase seasonally. In contrast, a salinity versus EN CWA (Fig. 6a) shows a barely significant peak at 2 y and a more significant peak at 4 y (Fig. 6b) . The 4-y peak coincides with both power spectra of the primary analysis (Figs. 2b and 5b ). The 4-y periodicity of the two-time series are roughly 180°out of phase (Fig. 6c) . Thus, high salinity is associated with a low Niño 3.4 anomaly-the La Niña condition.
Particulate inorganic matter, which is a measure of resuspended sediment, varies from 4.0-531.33 mg/L with a grand mean of 50.2 mg/L (Fig. 7a) . The power spectrum derived from this time series is not significant except at periods much less than 1 y (Fig. 7b) , and is not significant over the 2-5 y El Niño portion of the power spectrum (Fig. 7c) .
Dermo percent infection (PI) varied from 0% to 100%, with an average of about 80% of the oysters being infected over the years sampled (Fig. 8a) . The power spectrum obtained from this time series has peaks at 0.5 and 1.5 y (Fig. 8b) , both of which are likely indicative of seasonal shifts in prevalence. The 0.5-2 y portion of the power spectrum is not significant over much of the time series (Fig. 8c) , nor is the 2-5 y EN portion of the power spectrum significant (Fig. 8d) .
The CWA between EN and PI, and salinity and PI show the 4-y peaks (Figs. 9b and 10b ), which coincide with a peak, albeit nonsignificant, in the original PI spectrum (Fig. 8b) . The 4-y trend in the EN × PI CWA (Fig. 9c) is shifted by about 140°, so that high prevalence follows a low Niño 3.4 anomaly (a La-Niña highsalinity event) by about 1.5 y (phase/360 × period or 140/360 × 4). The 4-y trend in salinity (Fig. 10c) is nearly in phase with the high in prevalence. The phase shift is about −15 degrees, so high PI lags high S by about 1-2 mo.
Dermo infection intensity (II) ranged from 0.0-3.0, with an overall mean of 0.9 (Fig. 11a) . The power spectrum from the Dermo II time series shows significant peaks at 0.5, 1, and 4 y (Fig. 11b) . The shorter signals are subannual and annual periodicities arising from the normal seasonal progression of this disease. Averaging power in the 4-6 y period (the salinity signature, Fig.  5b ) shows significance over much of the first half of the time series (Fig. 11c) . Averaging power over 0.5-2 y (the temperature signal, Fig. 1b) shows a strong significant peak in the center of the time series (Fig. 11d) . Averaging power over 2-5 y (the EN signature, Fig. 2b ) likewise shows a strong peak in the middle of the time series (Fig. 11e) . This central portion of the time series coincides with the highest infection intensities (Fig. 11a) , and also with the 1996 to 1997 La Niña event (Fig. 2a) .
The CWA of Dermo II and salinity (Fig. 12) shows strong and significant coherence over short periods and 4 y (Fig. 12b) . The 4-y periodicity in the Dermo II time series has a phase shift of −45 degrees with respect to salinity-a phase shift of about 0.5 y. Thus, high salinity leads Dermo II by about 6 mo. The 1-y peak shows about a −30-degree shift (Fig. 12c) . This is equivalent to a −30 degrees/360 degrees × 1 y, or 0.08 y, or about a 1 mo phase shift.
Therefore, for the 1-y periodicity, an increase in salinity precedes Dermo II by about a month. A CWA of Dermo II and EN (Fig. 13) shows a strong peak at about 3-4 y (Fig. 13b ) with a phase of +113° (Fig. 13c) , or about 1 y. That is, high Dermo II follows low Niño 3.4 anomaly values, the La Niña high-salinity event, by about 1 y.
The CWA of the Dermo PI and Dermo II time series (Fig. 14a ) shows strong correlations at periods less than 1 y, at 2 y, and at 4 y (Fig. 14b) . The 4-y peak has a phase shift of about −30 degrees or 0.3 y (Fig. 14c) . A rise in prevalence therefore leads a rise in intensity by about 4 mo. Note that high salinity precedes high prevalence by about 2 mo (Fig. 10c) , and high salinity precedes intensity by 6 mo (Fig. 12c) . 
DISCUSSION
For ENSO to exert an effect on disease levels of oysters in the northern Gulf of Mexico a number of necessary conditions must be met: (1) ENSO must have a teleconnection to weather along the Gulf, (2) weather must modify water temperature and/or salinity in local watersheds, and (3) interannual variation in ENSO must show synchrony with key environmental factors and disease levels. Ropelewski and Halpert (1986) reported an ENSO connection to the Gulf, in which El Niño years are cooler and wetter than typical years. Powell et al. (1992) found a high degree of concordance of yearly changes in disease between Gulf bays at spatial scales much greater than 1,000 km, suggesting that PI and II are changing in response to broad shifts in weather patterns that likely directly affect local temperature and salinity (via rainfall and river runoff), and subsequently modulate PI and II.
The analyses of the time series from a site in southern Louisiana show periodicities at subannual, annual and interannual time scales. A high degree of synchrony in periodicities of measured variables with ENSO suggests interannual climatic variation as a driving force, whereas asynchrony suggests other temporal relationships such as subannual and annual control.
Particulate inorganic matter is the major component of the seston on which oysters feed. Excessive PIM can have deleterious effects on oysters by "diluting" its food supply. Chlorophyll a is a proxy for phytoplankton biomass and represents an important component of the oyster's food supply (Soniat et al. 1998) . Particulate load and food supply are important forcing functions controlling oyster growth and Dermo prevalence and intensity (Powell et al. 1996) . These also mediate assimilation by altering filtration and ingestion rates and can thus determine the success or failure of oyster populations (Soniat et al. 1998 ). Subannual periodicity is clearly seen in the PIM time series, which is a record of the resuspension of bottom sediments caused by highfrequency wind events. Temperature and chlorophyll are coupled at annual time scales through temperature control of phytoplankton growth rate. Sediment resuspension, water temperature, and chlorophyll have periodicities that are not in synchrony with the EN signal and are related only to a minor degree with changes in salinity.
Unlike temperature, salinity does not show an annual signal, but instead has a 4-y periodicity like that of the EN signal. Temperature and salinity are not in phase annually, but are in phase every 4 y. Seasonal high temperature coincides during these times with high salinity, established during the La Niña portion of the ENSO cycle; high temperature and high salinity are ideal conditions for the proliferation of disease. Disease II and PI have interannual periodicities that suggest a connection to the EN signal.
An increase in salinity is followed in several months by an increase in prevalence followed in several months by an increase in infection intensity, with salinity shifts strongly driven by ENSO events. Interannual variation is important in the initiation and intensification of disease, and salinity is the primary driving factor. This analysis of environmental and biologic time series from southern Louisiana show a teleconnection of ENSO to Dermo disease in the northern Gulf of Mexico. The correlations and phasing of signals in these time series suggest that epizootics of Dermo disease in oyster populations can be initiated within 6 mo of a La Niña event. This relationship makes it possible to potentially use results from climate models to predict epizootics of P. marinus in the Gulf Coast region. This provides a powerful approach for oyster management practices because it allows the possibility of an epizootic to be predicted several months in advance of the event, which allows time for appropriate management practices to be implemented.
